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Available online 1 November 2013AbstractA fiber Bragg grating (FBG) geophone and a surface seismic wave-based algorithm for the direction of arrival (DOA) are described. The
operational principle of FBG geophone is introduced and illustrated with systematic experimental data, demonstrating an improved FBG
geophone with many advantages over the conventional geophones. An innovative, robust, and simple algorithm is developed for obtaining the
bearing information on the seismic events, such as people walking, or vehicles moving. Such DOA estimate is based on the interactions and
projections of surface-propagating seismic waves generated by the moving personnel or vehicles with a single tri-axial seismic sensor based on
FBGs. Of particular interest is the case when the distance between the source of the seismic wave and the detector is less than or comparable to
one wavelength (less than 100 m), corresponding to near-field detection, where an effective method of DOA finding lacks.
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For perimeter defense and battle-field remote monitoring
applications, it is necessary to have the capability of automatic
detection (distance and bearing) of moving targets, such as
personnel or vehicles. Such moving objects represent seismic
sources, with seismic waves (mainly surface waves) emanating
in all directions. At a large distance, the estimates of the
distance and direction of arrival (DOA) are both crucial. At a
short distance, such as less than 100 m, DOA information
becomes essential.* Corresponding author.
E-mail address: hlcui2012@126.com (H.L.CUI).
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http://dx.doi.org/10.1016/j.dt.2013.02.001A robust estimate of DOA of a seismic source is usually
accomplished using an array of seismic geophones at a rela-
tively large distance from the source [1e10]. Bearing infor-
mation can also be obtained using a single geophone with
three orthogonal sensing elements that provide polarization-
discriminating information related to the direction of propa-
gation of the seismic wavedS-wave and P-wave travel at
different velocities, giving rise to time delaysdwhich can be
converted to input information for DOA computation [11e14].
However, at the short distance, the array configuration is not
effective because of the near-field nature of the seismic wave.
On the other hand, a single sensor capable to sense the
different polarizations of the wave can still work, provided that
the algorithm does not rely on time-delay information (which
might be too small to detect at such short distance). A new
detection scheme has to be devised, along with its own algo-
rithm that satisfies the usual requirements for DOA applica-
tion. Among these requirements is that the DOA estimation
algorithm must be computationally efficient in order to speed
up processing and reduce power consumption.ction and hosting by Elsevier B.V. All rights reserved.
2 T.Y. CHANG, H.L. CUI / Defence Technology 9 (2013) 1e9Based on our previous work on detection of ground vi-
bration and seismic activities using FBG [15e17], we have
developed a new approach to tackle the problem of estimate of
DOA at short distance with a single tri-axial seismic
geophone. This represents an innovative, robust, and simple
algorithm for obtaining bearing information on the seismic
events, such as people walking or vehicles moving. The pro-
posed method of DOA estimate is based on the interaction and
projection of surface-propagating seismic waves generated by
the moving personnel or vehicles with a single tri-axial
seismic sensor. The distance between the source of the
seismic wave and the detector is less than or comparable to
one wavelength (less than 100 m) so that the far-field con-
siderations are not valid.
This paper describes a three-dimensional seismic geophone
based on FBG. DOA is obtained by utilizing such a single tri-
axial seismic sensor, and an algorithm is used for obtaining the
bearing information on the seismic events.
2. Tri-axial FBG seismic geophone2.1. Operational principle of FBG geophoneFig. 2. Laboratory testing system.The tri-axial seismic sensor is based on FBG. When a
broadband light passes a FBG, its reflected central wavelength
is expressed as l ¼ 2nLB, where n is the fiber refractive index
and LB is the FBG period. Both the FBG period and its
refractive index depend on strain, photoelastic constants and
Poisson’s ratio:
lðzÞ ¼ l0

1þ 1 1=2n20½p12  vðp11 þ p12ÞεðzÞ;
which leads to l ¼ l0(1 þ pε); for silica fiber, p equals 0.78,
thus dl=dε ¼ 0:78l0. Using light source with central wave-
length at 1550 nm, this gives dl=dε ¼ 1. Using a light source
with central wavelength at 1550 nm (C-band in fiber optical
communication), this gives dl=dε ¼ 1:2pm=mε.
Based on the FBG strain measurement principle, the
operational principle of FBG geophone can be described, as
shown in Fig. 1.Fig. 1. Operational princip2.2. Experiments and discussion of FBG geophoneDue to optic fiber and FBG special characteristics, the FBG
geophone has many advantages over the conventional elec-
tromagnetic geophones, such as wider frequency response,
higher sensitivity, higher signal-noise-ratio, immunity to
electromagnetic interference (EMI), and so on. An experi-
mental system was set up, as shown in Fig. 2, and some
comparative experiments for FBG geophone and conventional
geophones were carried out, such as damping test (Fig. 3),
frequency response test (Fig. 4), sensitivity test (Fig. 5), and
EMI test (Fig. 6), etc.
Among the above four tests, the last three are self-evident.
Here we just give some explanation for the damping test
(Fig. 3). The damping of the geophone is one of several key
factors to determine the geophone performance. A lower
damping may result in the improper oscillation time of the
spring while a higher damping may sacrifice the low frequency
response. A damping test of FBG geophone is shown in
comparison with conventional geophone. This was achieved
by imposing the same sharp mechanical impulses (pulse
width: 100 ms) on both geophones while monitoring the
response in time domain. The FBG geophone is observed to
have the same damping time (0.2 s) as that the conventional
geophone has. It indicates that FBG geophone has an appro-
priate damping factor for this application.le of FBG geophone.
Fig. 3. Damping comparison of FBG geophone and conventional geophone.
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theoretical conclusion: FBG geophone has many advantages
over the conventional geophone.2.3. Tri-axial FBG seismic geophone designIn order to determine the direction of arrival of a seismic
wave, a tri-axial FBG seismic geophone is designed, which is
based on the high sensitivity and accuracy of FBG for ground
vibration detection. Fig. 7 shows the schematic diagram of tri-
axial FBG seismic geophone, where there are three FBGs with
different wavelengths in three orthogonal directions. Every
FBG is adhered to a thin carbon fiber composite board which
is used as a medium between FBG and the mechanical
structure. Each arm acts as a spring with some damping co-
efficient which can be adjusted to determine the sensor’s
responding velocity and frequency range.
In Part 3 of the present paper, a surface-wave algorithm for
DOA, which is based on the above tri-axial FBG sensing
structure, is described. Further, using the tri-axial FBG sensing
structure, we performed a series of experiments and obtained
the useful results, which is described in Part 4.3. Surface-wave based algorithm for DOA3.1. Data modelSuppose that we have the received data x(t), y(t) and z(t)
from a single tri-axial seismic sensor as below, where the
sound source and the sensor are assumed in the same ground
plane (xey plane) such that the direction of the arrival within
the ground plane needs to be considered. Note that both lon-
gitudinal polarization (P-wave) and transverse polarization (S-
wave) are registered by the tri-axial geophone. The P-wave
mainly excites the x- and y- components of the sensor, while
the S-wave (vibrating in the z-direction) mainly excites the z-
component of the sensor
xðtÞ ¼ htsðtÞcos qþ nxðtÞ
yðtÞ ¼ htsðtÞsin qþ nyðtÞ
zðtÞ ¼ hssðtÞ þ nzðtÞ
where q (the angle between the x-axis and the direction of
propagation of the seismic wave) is the direction of arrival
within the plane determined by x - and y -axis, s(t) denotes the
transmitting signal, ht and hs are impulse responses, and nx(t),
ny(t) and nz(t) are the related additive noise and interference,
respectively.
At the receiver end, the continuous signals x(t), y(t) and z(t)
are sampled at sample rate fs ¼ 1/Ti, where Ti is the sample
interval and is transformed into the discrete signal sequence
x(k), y(k) and z(k) with xðkÞ ¼ xðtÞjt¼kTi , yðkÞ ¼ yðtÞjt¼kTi and
zðkÞ ¼ zðtÞjt¼kTi . In a discrete form, we have
xðkÞ ¼ htsðkÞcosqþ nxðkÞ
yðkÞ ¼ htsðkÞsinqþ nyðkÞ
zðkÞ ¼ hssðkÞ þ nzðkÞ k ¼ 1; 2; ,,,
where s(k), nx(k), ny(k) and nz(k) are denoted in the same way
as x(k).
The problem of interest is to estimate the unknown direc-
tion of arrival q with the prior knowledge of the impulse re-
sponses ht and hs, but without any knowledge about the
underlying signal s(k) (i.e., s(t)) and the bearing noise items
nx(k), ny(k) and nz(k).3.2. AlgorithmIn order to estimate the direction angle q, we should know
s(k). The initial estimate s^(k) can be obtained from z(k) since
z(k) is free of the unknown parameter q.
bsðkÞ ¼ zðkÞ
hs
¼ sðkÞ þ nzðkÞ
hs
ð1Þ
where we can see that the estimation errors come from the
additive noise item. With s^(k) and ht in hands, one is tempted
to compute the estimates of cos q and sin q by dividing x(k)
and y(k) with ht^s(k). Here we have two concerns. One comes
from the inaccurate estimate s^(k) [Eq. (1)], and the other is the
noise and interference items in x(k) and y(k) (i.e., nx(k) and
Fig. 4. Frequency response comparison of FBG geophone and conventional
geophone.
Fig. 5. Sensitivity comparison of FBG geophone and conventional geophone.
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changing from sample to sample, we have multiple samples
which can be utilized. To put in a clear picture, let us define a
sliding window with duration Ts and collect all the N ¼ Ts/Ti
consecutive samples in the window. Let every two adjacentFig. 6. Interference comparison test of nearby AC powerwindows with one sample shifting, and then the kth sliding
window is2
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The column vectors x ¼ [x(k),x(kþ1),.,x(kþN1) ]T,
y ¼ [y(k),y(k þ 1),., y(k þ N1)]T and s ¼ [s(k),s(k þ 1),.,
s(k þ N1) ]T, where [$]T is the transpose operation of a
vector or matrix. In a compact form, we have
x¼ sht cos qþ nx
y¼ sht sin qþ ny
Eq. (1) is used to compute the initial estimates s^(k),
s^(k þ 1), . s^(k þ N1) and define s^ ¼ [^s(k), s^(k þ 1), .
s^(k þ N1)]T. Putting s^ into the above equations, we have
x¼bs ht cos qþ nx þDs ht cos q
y¼bs ht sin qþ ny þDs ht sin q
where Ds ¼ ss^. The above expressions could be further
simplified assource of FBG geophone and conventional geophone.
Fig. 7. Schematic diagram of tri-axial FBG seismic geophone.
Fig. 8. Schematic diagram of experimental setup.
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y¼bs ht sin qþ nyw ð3Þ
with nxw ¼ nx þ nx þ Ds ht cos q and nyw ¼ ny þ Ds ht sin
q.
By using the minimum mean square error (MMSE), the
direction of arrival estimation problem can be formed as
cosbq¼ argmin
cos q

xbs ht cos q


2
sinbq¼ argmin
sin q

ybs ht sin q


2
subject to cos2 q þ sin2 q ¼ 1.
This problem can be solved by using the Lagrange multi-
plier [18]. Let the cost function
Vxðcosq;lÞ ¼ xbs ht cos q2 þ l1 cos2 q  sin2 q 
Vyðsin q;lÞ ¼ ybs ht sin q2 þ l1 cos2 q  sin2 q 
Then the estimates of cos q and sin q are obtained by taking
the partial derivative and setting it to zero
vVxðcos q;lÞ
vcos q
¼ðxbs ht cos qÞTbs ht  2cos ql¼ 0;
vVxðsin q;lÞ
vsin q
¼ðybs ht sin qÞTbs ht  2 sin ql¼ 0;
The solution of the MMSE estimator is3.3. Discussion
3.3.1. Parameters selection
Generally, a higher fs gives a more precise estimation of the
direction of arrival, but will bring more computational
complexity. In particular, we need to set the sampling rate at
least two times higher than the signal frequency bands of s(t).
fs is used to determine the upper frequency components of
interest.
The window size N (i.e., the corresponding duration Ts)
depends on the sampling rate fs and the signal we are inter-
ested in. In our research, since s(t) is largely a low frequency
signal, it is necessary to make the selected window duration Ts
cover at least one complete waveform. For example, if we
need to include the lowest frequency component with 2 Hz, Ts
should be around 0.5 s. That is, Ts is determined by the lowest
frequency components of interest.tan bq¼ yTbs=xT bs¼ yðkÞ^sðkÞ þ yðkþ 1Þ^sðkþ 1Þ þ.þ yðkþN 1
xðkÞ^sðkÞ þ xðkþ 1Þ^sðkþ 1Þ þ.þ xðkþN 13.3.2. Estimation errors
Basically, in Eq. (4), both the numerator and denominator
contain the summation of the weighted s^(k). Then the esti-
mation error of s(k) in Eq. (1) (i.e., the noise item nz(k)) is
mitigated by the averaging operation.
It can be seen from Eq. (4) that the impulse response value
ht is canceled out from the MMSE estimator, and hs only
impacts the estimate s^(k).
For every single sample pair (x(k), y(k)), we can immedi-
ately have another initial estimate s^(k) using the property cos2
q þ sin2 q ¼ 1,
bs2ðkÞ ¼ x2ðkÞ þ y2ðkÞ
h2t
; ð5Þ
and
bsðkÞ
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2ðkÞ þ y2ðkÞ
p
=ht
: ð6Þ
Note that the estimation error
s2ðkÞ bs2ðkÞ ¼ hn2xðkÞ þ n2yðkÞ
i.
h2t þ

2nxðkÞsðkÞcos q
þ 2nyðkÞsðkÞsin q
	

ht:
The question of how to utilize both sets of estimates of s^(k)
from Eq. (1) and (5) to improve the q estimation still remains
open, and will be further expounded in conjunction with the
experiments.Þ^sðkþN 1Þ
Þ^sðkþN 1Þ ð4Þ
Fig. 10. More walking signal detected by the processing method of signal correlation.
Fig. 9. Geophone response without any signal processing.
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We have carried out some preliminary experimental study
to investigate the possibility of using a single tri-axial
geophone for obtaining DOA estimate. The geophone used
is a fiber optic Bragg grating based three-axis seismic
geophone described above. Fig. 8 shows the experiment setup,
with a person walking directly to the geophone from 100 m
away. Fig. 9 shows the geophone response without any signal
processing, where we could only see a few high quality signalFig. 11. Walking signal detected bcycles. Fig. 10 shows that more walking signal is detected by
our processing method of signal correlation even though the
signal is buried under noise. Correlation detection is an
effective demodulation method for weak signal, which is
based on the convolution between unknown and known sig-
nals. If parts of the two signals are coherent, the unknown
signal can be detected even if it is very weak or buried under
noise. Compared with direct detection, the correlation detec-
tion has much higher signal-noise-ratio and excellent fre-
quency selectivity. For the application of DOA, due to they a single tri-axial geophone.
Fig. 13. Schematic diagram of the second experimental setup.
Fig. 14. Signal response.
Fig. 15. Signal coming from point A.
Fig. 12. Signal after a 50 Hz low-pass filter.
Fig. 16. Signal coming from point B.
Fig. 17. A further test of the second experimental setup.
Fig. 18. Signals detected at N/S, Z and E/W for the waves from Point 1, 2, 3
and 4.
7T.Y. CHANG, H.L. CUI / Defence Technology 9 (2013) 1e9
Fig. 19. Signal details detected at N/S, Z and E/W for the waves from Point 1, 2, 3 and 4.
8 T.Y. CHANG, H.L. CUI / Defence Technology 9 (2013) 1e9walking signal weakness, especially from far away, and the
environment’s complexity, i.e., multi-state noise jamming, the
correlation detection is a preferred detection method.
Fig. 11 shows that a walking signal is detected by a single
tri-axial geophone; Fig. 12 shows the signal after a 50 Hz low-
pass filter. It can be seen from Fig. 12 that the signal to noise
ratio (SNR) was improved by the low-pass filter, and the dif-
ference between North/South (NS)-axis and the East/West
(EW)-axis is now apparent, making an estimate of DOA based
on the detected signal possible.
Fig. 13 describes a second experiment, where the seismic
signals are generated by dropping a metal-ball from a given
height. To make sure that we get the similar seismic signal, the
height is fixed at 1.2 m and the same distance (45 m) from
sensor to point A and B, where the ball is dropped, is used.
The difference between A and B is just the angle from the
reference frame of NS-EW. The signal response is shown in
Fig. 14, and the details are compared in Fig. 15 and Fig. 16.
The apparent difference between signal A and signal B can be
seen. Thus, it seems possible to obtain DOA by using the
signal component of NS-EW and a proper algorithm.
A further test of the second experimental setup was carried
out, and the results are shown in Figs. 17e19, where the
distances from point A and point B to the geophone are 32 m
and 31.5 m, respectively, the angle of DOA equals to 45 with
respect to the axis of NS and EW. A buried stone happened to
be along the propagation path of the signal. It clearly in-
fluences the signal’s appearance. Obviously, in order to obtain
the correct DOA estimate in this case, a more powerful al-
gorithm is needed. Nonetheless, DOA information can be
obtained using a tri-axial geophone able to distinguish the
signal propagation directions.
In above Figs. 9e19, all horizontal axes’ name is sample
point and no unit; all vertical axes’ name is intensity and unit
is AU, except Figs. 13 and 17.5. Conclusions
In conclusion, we have clearly demonstrated that it is
possible to obtain DOA information from a single three axis
seismic sensor. This is supported by the theoretical foundationand preliminary experimental evidences. Unlike Rayleigh
waves alone, which can be used to be great advantage in the
far-field regime, it is a very complicated situation in near-field
where P-wave, S-wave, Rayleigh wave, and shock wave co-
exist and interact with one another.
Besides the usual advantages of FBG geophone, this tri-axial
FBG geophone based on DOA algorithm is capable of tracking
the moving targets at 100 m or less day and night, and is intrin-
sically compatible with a hybrid fiber optic sensor network
environment and allows for unattended ground operation.Acknowledgment
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